Regulatory T cells (Tregs) play a pivotal role in immune-tolerance, and loss of Treg function can lead to the development of autoimmunity. Natural Tregs generated in the thymus substantially contribute to the Treg pool in the periphery, where they suppress self-reactive effector T cells (Teff) responses. Recently, we showed that OX40L (TNFSF4) is able to drive selective proliferation of peripheral Tregs independent of canonical antigen presentation (CAP-independent) in the presence of low-dose IL-2. Therefore, we hypothesized that OX40 signaling might be integral to the TCR-independent phase of murine and human thymic Treg (tTreg) development. Development of tTregs is a two-step process: Strong T-cell receptor (TCR) signals in combination with co-signals from the TNFRSF members facilitate tTreg precursor selection, followed by a TCR-independent phase of tTreg development in which their maturation is driven by IL-2. Therefore, we investigated whether OX40 signaling could also play a critical role in the TCR-independent phase of tTreg development. OX40 − / − mice had significantly reduced numbers of CD25 − Foxp3 low tTreg precursors and CD25 + Foxp3 + mature tTregs, while OX40L treatment of WT mice induced significant proliferation of these cell subsets. Relative to tTeff cells, OX40 was expressed at higher levels in both murine and human tTreg precursors and mature tTregs. In ex vivo cultures, OX40L increased tTreg maturation and induced CAP-independent proliferation of both murine and human tTregs, which was mediated through the activation of AKT-mTOR signaling. These novel findings show an evolutionarily conserved role for OX40 signaling in tTreg development and proliferation, and might enable the development of novel strategies to increase Tregs and suppress autoimmunity. 
INTRODUCTION
CD25 + Foxp3 + regulatory T cells (Tregs) play a pivotal role in suppressing autoimmune responses mediated by self-reactive effector T cells (Teff) and thereby help maintain self-tolerance. 1 Foxp3-deficient mice develop severe autoimmunity and lethal immunopathology. 2 Similarly, mutations in the human FOXP3 gene are associated with fatal immunodysregulation polyendocrinopathy enteropathy X-linked syndrome. 2, 3 Natural Tregs (nTregs) are generated in the thymus. Although induced Tregs (iTregs) can be generated in the periphery from CD4 + CD25 − Foxp3 − conventional (Tconv) T cells, nTregs emigrating from the thymus represent the major proportion of the peripheral Treg pool. 4 According to the TCR-instructive model, most of the thymocytes expressing high-affinity TCRs for self-antigens are deleted through negative selection in the thymus. 5 However, several of the self-reactive thymocytes can escape negative selection and migrate to the periphery and contribute to autoimmunity. On the other hand, thymocytes expressing TCRs with intermediate affinity for self-antigens can differentiate into CD25 + Foxp3 + Tregs and migrate to the periphery, where they suppress the function of self-reactive Teff cells and help maintain self-tolerance. 5 Thymic Tregs (tTregs) express self-antigen-specific TCRs; therefore, lack of expression of cognate antigens in the thymus can prevent their positive selection in the thymus and thus result in the loss of peripheral tolerance. For example, a lack of myelin oligodendrocyte glycoprotein expression leads to impaired development of myelin oligodendrocyte glycoprotein-specific tTregs in the thymus and accelerated experimental autoimmune encephalomyelitis. 6 Thus, tTregs play an essential role in maintaining immune homeostasis and suppressing autoimmunity.
Development of tTregs occurs in two distinct phases: (i) a TCR-dependent phase where thymocytes expressing intermediate-affinity TCRs for self-peptides differentiate into CD4 + CD25 + Foxp3 − Treg precursors; and (ii) a TCRindependent phase in which Foxp3 expression is induced in these Treg precursors via STAT5 activation by common γ-chain (γc) cytokines, predominantly IL-2 and, to a lesser extent, IL-15 and IL-7. 7 Alternatively, CD4 + CD25 − Foxp3 low Treg precursors can give rise to CD4 + CD25 + Foxp3 + mature Tregs, which are also regulated by common γc cytokines. 8 A salient feature of CD25 + Foxp3 − Treg precursors and CD25 + Foxp3 + Tregs is that they both express higher levels of GITR (TNFRSF18), OX40 (TNFRSF4) and TNFRII (TNFRSF1b) compared to CD4 + CD25 − Foxp3 − conventional (Tconv) T cells. Their cognate ligands, GITRL, OX40L and TNF-α, are expressed on thymic DCs and medullary thymic epithelial cells (TECs). The coupling of co-signaling driven by these ligands upon interaction with their cognate receptors with TCR-signals drives thymocyte differentiation into tTregs. In addition, these interactions can also promote IL-2-induced maturation of CD25 + Foxp3 − Treg precursors into CD25 + Foxp3 + Tregs in the TCR-independent phase of thymic Treg differentiation. 9 However, whether these ligands have a similar effect on the maturation of CD25 − Foxp3 low Treg precursors remains unknown. Moreover, emerging studies suggest that, in addition to thymic differentiation, proliferation may also contribute significantly to tTreg numbers. 10, 11 However, the underlying mechanism of this tTreg expansion is poorly understood.
Unlike tTreg development and their role in maintaining selftolerance in mice, which are well understood, there is a paucity of data concerning human tTreg development. 12, 13 This gap in knowledge regarding human Treg development has impeded our ability to develop effective strategies to rectify Treg deficiency as a means to ameliorate autoimmune diseases. Murine tTreg differentiation mainly starts during the CD4 + single-positive (SP) stage, 7 whereas human tTreg differentiation occurs at an earlier CD4 + CD8 + double-positive (DP) stage. 14 However, both murine and human tTreg development is regulated by the common γc-cytokines IL-2 and IL-15, suggesting the existence of a common differentiation pathway. 13, 15 Previously, we have shown that OX40 signaling can induce selective proliferation of peripheral Foxp3 + Tregs, but not Foxp3 − Tconv cells, in an IL-2-dependent manner. Furthermore, using MHC class-II − / − mice, we have demonstrated that this selective Treg proliferation is independent of canonical antigen presentation (CAP-independent) but requires IL-2. 16 − 18,, Therefore, we hypothesized that OX40-mediated signaling might regulate both murine and human thymic Treg generation primarily by inducing their proliferation during the TCR-independent phase of their development. To our surprise, not only did we find that OX40-mediated signaling could induce the CAP-independent proliferation of tTreg precursors and mature tTregs, but it could also drive maturation of tTregprecursors. We found that AKT-mTOR activation was the key cell signaling mechanism driving CAP-independent tTreg proliferation, which was conserved between murine and human thymi, revealing an evolutionarily conserved mechanism of Treg development and homeostasis. These findings could have significant clinical implications, as they may aid in the development of novel therapies for autoimmune diseases.
MATERIALS AND METHODS
Animals and human tissue specimens C57BL/6 J (Stock # 000664), OX40 − / − (Stock # 012838) and Foxp3.eGFP mice (Stock # 018628) were purchased from Jackson Laboratories. Breeding colonies were established and maintained in a pathogen-free facility in the biological resources laboratory of the University of Illinois at Chicago (Chicago, IL). All animal experiments were approved and performed in accordance with the guidelines set forth by the Animal Care and Use Committee at the University of Illinois at Chicago. Normal pediatric thymic tissues (n = 10) were obtained through the Cooperative Human Tissue Network in Ohio in accordance with the policies stated by the University of Illinois at Chicago Institutional Review Board. Cooperative Human Tissue Network is funded by the National Cancer Institute, and other investigators may have received specimens from the same subjects.
Antibodies and reagents
Anti-mouse CD25 (Clone # PC61.5), anti-mouse CD4 (GK1.5), anti-mouse CD8a (53.6.7), anti-mouse/rat Foxp3 (FJK16S), anti-mouse CD134/OX40 (OX86), anti-human/ mouse (S473) pAKT (SDRNR), anti-human/mouse pmTOR (MRRBY), anti-human CD4 (RTA-T4), anti-human CD8a (SK1), anti-human FOXP3 − (236 A/E7 and PCH101), antihuman CD25 (BC96), anti-human CD134/OX40 (ACT35), anti-human CD11c (3.9), anti-human-CD123 (6H6), antihuman BDCA2 (201 A) and appropriate isotype control antibodies were purchased from eBioscience, Thermo Fisher Scientific. Anti-Bcl2 (BCL/10C4), anti-human/mouse Ki67 (11F6), anti-human CD13 (WM15) and anti-human OX40L (11C3.1) were purchased from Biolegend. CD4 + /CD4 + CD25 + EasySep T-cell isolation kits were from StemCell Technologies. Mouse recombinant OX40L-Fc was provided by Dr. Alan L Epstein (Keck School of Medicine, LA). Human recombinant OX40L-Fc was from Sino Biologicals. T cells were cultured in PRIME-XV ® T Cell Expansion XSFM medium (Irvine Scientific). PD-98059 (MEK), Tyrphostin46 (EGFRK), LY 294002 (PI3K), BML-257 (AKT) and Rapamycin (mTOR) inhibitors were purchased from Enzo life sciences. Mouse anti-CD3 (Clone # 2C11) and anti-CD28 (Clone # PV10) were purchased from Bioxcell. Human and mouse recombinant IL-2, TGF-β and cell stimulation cocktail were purchased from eBioscience, Thermo Fisher.
Isolation of T-cell subsets, proliferation and suppression assays Thymi from 6 to 8-week-old mice were excised, single-cell suspensions were prepared and CD4 + /CD4 + CD25 − /CD4 + CD25 + T cells were isolated according to the manufacturer's (StemCell Technologies) protocol. Isolated cells were stained with Cell-Trace Violet (Life technologies) and treated with IL-2 (25 U/ml) and recombinant OX40L-Fc (5 μg/ml) for the indicated durations. Suppression assays were performed by co-culturing anti-CD3/CD28-stimulated CD4 + CD25 − (Teff) and CD4 + CD25 + (Treg) cells at various ratios, that is, 1:0, 1:1, 1:2, 1:4 and 1:8, for 3 days. The extent of suppression was calculated using the percentages of proliferating Teff cells in the absence (no Treg control) or presence of Tregs as previously described. 16 For kinase inhibitor assays, cells were pre-treated with indicated inhibitors for 2 h and then co-treated with IL-2 alone or OX40L+IL-2. Similarly, single-cell suspensions of human thymi were prepared and stained with Cell Trace Violet before treatment.
Thymic organ culture and thymic epithelial cell isolation Human thymi were dissected into~2 mm 3 fragments and cultured over Matrigel (Corning) in 24-well transwell plates with PRIME-XV ® T Cell Expansion XSFM medium in the presence of IL-2 or human OX40L-Fc+IL-2 as described previously. 19 Human TECs were prepared by Liberase-TH (Roche life sciences) digestion, as described previously. 20 Flow cytometry and FACS analysis CD4 + CD8 − CD25 + Foxp3 − , CD4 + CD8 − CD25 − Foxp3 low and CD4 + CD8 − CD25 + Foxp3 + constitute o1% of total thymocytes. Therefore, CD4SP thymocytes were purified using an EasySep mouse CD4 + T-cell isolation kit to enrich these populations. Cells were washed with PBS containing 0.5% BSA, surfacestained with anti-CD4, anti-CD8a and anti-CD25, and the desired subsets of cells were sorted using a MoFlo Astrios cell sorter (Beckman and Coulter). Sorting purity was greater than 95%, as confirmed by post-sorting analysis. For flow cytometry analysis, cells were fixed, permeabilized and stained with appropriate isotype controls and test antibodies in the dark at 4°C. Samples were analyzed using a CyAn ADP Analyzer (Beckman and Coulter) and LSR Fortessa (BD Biosciences), and data were analyzed using Summit v4.3 software (Beckman and Coulter).
Treg maturation and adoptive conversion assays For IL-2-dependent Treg maturation assay, CD4 + CD8 − CD25 + Foxp3 − Treg precursors were sorted from thymi of Foxp3. eGFP mice and cultured in PRIME-XV ® T Cell Expansion XSFM medium with IL-2 (25 U/ml) and OX40L-Fc (5 μg/ml) for 0-5 days. For CD25 − Foxp3 low conversion assays, CD4 + CD8 − CD25 − Foxp3 low Treg precursors were sorted and cultured as described above. For TGF-β-dependent adoptive Treg conversion assays, CD4 + CD8 − CD25 − Foxp3 − Tconv cells were sorted from Foxp3.eGFP mice thymi and cultured in PRIME-XV ® T Cell Expansion XSFM medium containing anti-CD3/ anti-CD28 monoclonal antibodies (5 μg/ml each), recombinant mouse TGF-β (5 ng/ml) and IL-2 (50 U/ml) with or without OX40L (5 μg/ml) for 4 days.
Cell stimulation and IL-2 mRNA expression analysis Total thymocytes from C57BL6-WT and OX40 − / − mice were stimulated with a cell stimulation cocktail containing PMA and ionomycin overnight. Total RNA was isolated, and IL-2 mRNA expression was analyzed by RT-qPCR as described previously. 16 Animal experiments Six to 8-week-old female C57BL6/J mice were injected (i.p) with either PBS or recombinant OX40L (100 μg) once a week for 3 consecutive weeks. Animals were killed a week after the final injection, and organs (e.g., spleen, thymus and lymph nodes) were collected. Single-cell suspensions were prepared, and cells were analyzed by flow cytometry as described above.
Statistical analysis
Statistical analyses were performed using Prism GraphPad (V6.0). Data are expressed as the means ± SEM of multiple experiments. Student's t-tests were used to compare two groups, whereas ANOVA with Tukey's multiple comparisons was used to compare more than two groups. A p-valueo0.05 was considered significant.
RESULTS
OX40 expression correlates with early stages of murine and human Foxp3 + thymocyte differentiation Murine and human tTreg development have distinct characteristics. Unlike murine CD4 + Foxp3 + thymocytes, which predominantly appear during later CD4/CD8 SP stages, human CD4 + FOXP3 + thymocytes appear at an earlier CD4 + CD8 + DP stage. 14 Furthermore, though it is known that OX40 signaling can regulate murine tTreg differentiation, 9 its role in human tTreg differentiation is unknown. Therefore, we analyzed CD4 − CD8 − (DN), CD4 + CD8 + (DP), CD4 + CD8 − SP and CD4 − CD8 + SP human and murine thymocytes for Foxp3 and OX40 expression. As shown in Figures 1a and b , murine Foxp3 + thymocyte differentiation started predominantly during the CD4 + SP stage. Interestingly, OX40 expression was confined predominantly to the CD4 + SP thymocyte subset, and a major proportion of Foxp3 + thymocytes (73.92 ± 6.36%) expressed OX40. Consistent with previous reports, we found human FOXP3 + thymocyte differentiation started at an earlier CD4 + CD8 + DP stage and continued into CD4 + and CD8 + SP stages, which was different from murine tTreg development (Figures 1c and d) . Intriguingly, we also observed OX40 expression in an earlier stage of CD4 + CD8 + DP human thymocytes, particularly in a major proportion of FOXP3 + thymocytes (60.31 ± 6.24%). Frequencies of OX40 + Foxp3 + thymocytes in different subsets of murine and human thymocytes are shown in Figures 1b and d , respectively. These results showed a strong correlation between OX40 expression and Foxp3 + thymocyte differentiation in both murine and human thymi, which suggested a role for OX40 signaling in tTreg development.
Loss of OX40 signaling significantly affects tTreg precursor and mature tTreg numbers We investigated whether OX40 signaling was required for tTreg development using OX40 − / − mice. We observed a significant reduction in Foxp3 + tTregs specifically in the thymus of OX40 − / − mice compared to WT mice (4.10 ± 0.18% vs 2.70% ± 0.17%). However, the differences in peripheral Tregs were not as significant (Figures 2a and b) . The reduction observed in tTregs in OX40 − / − mice relative to WT mice could result from the following possibilities: (1) a decrease in CD4 + SP thymocyte differentiation, which in turn can affect tTregs; (2) reduced generation of tTreg precursors; (3) reduction in the conversion of tTreg precursors into mature CD25 + Foxp3 + Tregs; or (4) changes in the survival/proliferation of Treg precursors/mature Tregs. Therefore, we sought to determine which of these possibilities was responsible for the observed differences. We found no significant difference in the frequencies of CD4 + CD8 + DP and CD4 + SP thymocytes between WT and OX40 − / − mice ( Supplementary Fig. S1A -B) implying that the reduced number of tTregs observed in OX40 − / − mice is not due to a proportionate reduction in CD4 + SP or CD4 + CD8 + DP thymocytes. Next, we analyzed OX40 expression in the CD4 + CD25 + Foxp3 − and CD4 + CD25 − Foxp3 low subsets of tTreg precursors and CD4 + CD25 + Foxp3 + mature Tregs, and observed the highest levels of OX40 expression in mature Tregs, followed by CD25 + Foxp3 − , CD25 − Foxp3 low Treg precursors and CD25 − Foxp3 − Tconv cells (Figure 2c ). Furthermore, we compared the frequencies of these subsets between WT and OX40 − / − mice. As shown in Figures 2d and e, we found a significant reduction in mature CD4 + CD25 + Foxp3 + Tregs (3.03% ± 0.06% vs 1.80% ± 0.19%) and CD25 − Foxp3 low tTreg precursors (1.21% ± 0.05% vs 0.66% ± 0.08%), but not in the CD25 +Foxp3 − Treg precursors in OX40 − / − mice relative to WT mice.
OX40L treatment significantly increases proliferation of tTreg precursors and mature tTregs Next, we determined the effect of OX40L treatment on tTreg precursors and mature tTregs. Treatment of WT mice with recombinant OX40L-Fc significantly increased Treg numbers in the thymus (3.01% ± 0.38% vs 6.40% ± 0.37%), spleen (13.62% ± 0.38% vs 26.89% ± 1.90%) and peripheral lymph nodes (12.52% ± 0.90% vs 25.16% ± 1.10%) (Figures 3a and  b) . We did not observe a significant increase in the frequencies of CD4 + CD8 + DP and CD4 + SP thymocytes upon OX40L treatment ( Supplementary Fig. S1C-D) . However, we did find a significant increase in mature CD25 + Foxp3 + Tregs (2.32% ± 0.10% vs 3.80% ± 0.31%) and CD25 − Foxp3 low (1.56% ± 0.07% vs 3.19% ± 0.18%) tTreg precursors, but not in the CD25 + Foxp3 − tTreg precursors (Figures 3c and d) , upon OX40L treatment. Thus, the increased tTregs observed in OX40L-treated mice could be due to an either increased survival/proliferation of CD25 − Foxp3 low tTreg precursors and mature Tregs or an increased conversion of tTreg precursors into mature Tregs. We had previously shown that OX40L can induce CAP-independent proliferation of peripheral Tregs. 21 Therefore, using proliferation marker Ki67 expression, we analyzed whether OX40L treatment could induce proliferation of CD25 − Foxp3 low Treg precursors and CD25 + Foxp3 + tTregs in vivo. As shown in Figure 3e , we observed significantly higher frequencies of Ki67 + cells within CD25 − Foxp3 low precursors (19.56% ± 2.10% vs 29.04% ± 2.07%) and CD25 + Foxp3 + mature Tregs (11.47% ± 1.44% vs 23.43% ± 1.86%) of OX40L-treated mice compared to control mice. Furthermore, OX40L-expanded Tregs retained the expression of suppressive markers, such as CTLA4, CD39, Helios and GITR (Figure 3f ), and function (Figure 3g ) when compared to control Tregs. These findings are consistent with our previous observations in peripheral Tregs. 21 Previously, CD25 − Foxp3 + precursors were identified as a short-lived population in the thymus undergoing apoptosis in the absence of signaling by yc-cytokines (predominantly IL-2), which are available only in a limited quantity sufficient to support a finite number of cells. 8 We stimulated thymocytes from WT and OX40 − / − mice to determine whether OX40 signaling is critical for IL-2 expression. We found a significantly lower level of IL-2 mRNA expression in OX40 − / − thymocytes compared to WT thymocytes. This observation was complemented by our observation of increased IL-2 mRNA expression in WT thymocytes upon OX40L treatment ( Supplementary Fig.  S2 ). However, we found reduced expression of the pro-survival factor Bcl2 in OX40L-treated CD25 − Foxp3 low precursors (MFI: 52.55 ± 3.55 vs 37.81 ± 1.56) ( Supplementary Fig. S3A-B) and to a lesser but nonsignificant extent in CD25 + Foxp3 + Tregs. Since Bcl2 can induce cell cycle arrest, reduced Bcl2 expression could support cell proliferation, 22, 23 which correlated with increased Ki67 + cells in these subsets of cells. Taken together, these results suggested that OX40 signaling can regulate tTreg generation by inducing the proliferation of both CD25 − Foxp3 low tTreg precursors and CD25 + Foxp3 + mature tTregs.
OX40L co-stimulation increases TCR-independent tTreg maturation and proliferation in an IL-2-dependent manner Next, we sought to investigate the effects of OX40 stimulation on tTreg maturation and proliferation. We treated CD4 + CD25 + Foxp3 + mature tTregs from Foxp3.eGFP mice with IL-2 or IL-2+OX40L (without antigenic stimulation) for different time intervals and analyzed the cell proliferation. As shown in Figures 4a and b , IL-2-induced tTreg proliferation in a time-dependent manner, which was further significantly increased by OX40L co-stimulation. An earlier report had shown a synergistic role for OX40L in the IL-2-induced conversion of CD25 + Foxp3 − Treg precursors into mature CD25 + Foxp3 + Tregs at 72 h. 9 However, we observed that OX40L significantly increased the proliferation of mature Tregs at 72 h (Figures 4a and b) . Therefore, we sorted CD25 + Foxp3 − Treg precursors and cultured them in the presence of IL-2 with/without OX40L for 0-72 h and analyzed the Treg maturation and proliferation. We found an IL-2-dependent conversion of CD25 + Foxp3 − Treg precursors into CD25 + Foxp3 + tTregs occurred by 24 h, which was further enhanced by OX40L co-stimulation (Figure 4c ). In addition, we found a significant increase in the proportion of proliferating tTregs upon OX40L treatment compared to IL-2 treatment alone at 72 h (71.44% vs 95.78%) (Figures 4d and e) . Thus, OX40L-IL-2 co-signaling increased both tTreg maturation and proliferation.
CD25 − Foxp3 low Treg precursors have lower Foxp3 expression compared to CD25 + Foxp3 + mature Tregs and represent Critical role of OX40 signaling in the TCR-independent phase P Kumar et al an immature subset undergoing the Treg developmental program. 24 We determined the effects of OX40L on the conversion of CD25 − Foxp3 low Treg precursors and found that they could readily become mature CD25 + Foxp3 high Tregs upon IL-2 treatment at 24 h (Figure 5a ). However, addition of OX40L did not significantly increase the maturation of CD25 − Foxp3 low subsets (Figures 5a and b) . There was a timedependent increase in the differentiation of CD25 − Foxp3 low precursors into CD25 + Foxp3 low Tregs from 24 to 120 h in IL-2-treated cultures, which was significantly increased upon addition of OX40L (19.92% ± 0.37% vs 31.65% ± 0.66%) (Figures 5a and c) . This increase in the CD25 + Foxp3 low population was unlikely to be due to the loss of Foxp3 expression from CD25 + Foxp3 high Tregs because the frequency of CD25 + Foxp3 high cells remained unaltered from 24 to 120 h (Figures 5a-c) . In addition, proliferation assays revealed an additive effect of OX40L co-stimulation in increasing the proliferation of both CD25 + Foxp3 high and CD25 + Foxp3 low (to a lesser extent) Tregs compared to cells treated with IL-2 alone (Figures 5d and e) . Collectively, these results suggested that OX40L co-stimulation could enhance the conversion of CD25 − Foxp3 low precursors into CD25 + Foxp3 low Tregs while also increasing the proliferation of both CD25 + Foxp3 high and CD25 + Foxp3 low Tregs. These results suggested the maturation and proliferation of tTregs as underlying mechanisms by which OX40 signaling can regulate tTreg generation. Though TGF-β-mediated adoptive conversion of CD4 + CD25 − Foxp3 − Tconv cells to iTregs mainly takes place in the periphery, several studies have suggested a role for TGF-β in tTreg generation. 25, 26 Therefore, we examined the effects of OX40 signaling on this process. We sorted thymic Tconv cells and stimulated them with anti-CD3/CD28/TGF-β with or without OX40L for 4 days in the presence of IL-2. Unlike the effects of OX40L on nTregs, which increased their proliferation, we found a significant reduction in iTreg generation upon OX40L treatment ( Supplementary Fig. S4A-B) . AKT-mTOR signaling is involved in OX40L-IL-2-induced CAP-independent tTreg proliferation Next, we examined the effects of the loss of OX40 signaling in tTreg proliferation using OX40 − / − mice. CD4 + SP T cells from WT and OX40 − / − mice were treated with IL-2 or OX40L+IL-2 for 5 days. Interestingly, we found similar basal proliferation rates of Tregs from either WT or OX40 − / − mice in the presence of IL-2. However, OX40L+IL-2 co-signaling induced the selective proliferation of WT Foxp3 + Tregs but not Foxp3 − Tconv cells. In addition, our results showed a significantly increased proliferation of CD4 + Foxp3 + Tregs from WT mice relative to those from OX40 − / − mice (Figures 6a and b) . As shown in Supplementary Fig. S5A -B, although IL-2 exerted a dose-dependent effect on the proliferation of tTregs from WT mice, OX40L induced a stronger proliferation rate even at lower doses of IL-2 ( Supplementary Fig. S5A and B) . In addition, OX40L also showed a dose-dependent effect in the presence of a constant low dose of IL-2 (25 U/ml) ( Supplementary Fig. S5C and D) .
Next, we explored the cell signaling pathways involved in the OX40L-IL-2-induced CAP-independent proliferation of tTregs. Using a library of pharmacological kinase inhibitors, we screened for the kinase inhibitors that could block tTreg proliferation without significantly affecting tTreg survival (data not shown). As shown in Figure 6c , inhibitors of PI3K (86.76% ± 0.88% vs 42.56% ± 5.56%), AKT (88.76% ± 0.88% vs 37.69% ± 3.09%) and mTOR (86.76% ± 0.88% vs 26.40% ± 1.65%) signaling pathways significantly blocked OX40L-IL-2-induced tTreg proliferation, while MEK inhibitor treatment had no discernible effect (86.76% ± 0.88% vs 84.01% ± 2.64%) on tTreg proliferation. Moreover, IL-2-induced tTreg proliferation was not significantly blocked by MEK (65.58% ± 1.67% vs 72.36% ± 3.42%), PI3K (65.58% ± 1.67% vs 62.26% ± 4.62%) or AKT inhibitors (65.58% ± 1.67% vs 56.35% ± 2.38%), although mTOR inhibitor (65.58% ± 1.67% vs 50.22% ± 2.24%) treatment exerted a significant inhibitory effect. However, the mTOR inhibitory effect was much greater in cells co-treated with IL-2+OX40L relative to cells treated with IL-2 alone. To further clarify these findings, we analyzed the effects of IL-2 and OX40L on the activation of AKT and mTOR signaling pathways using CD4 + SP thymocytes from WT and OX40 − / − mice. We observed increased levels of phospho AKT and phospho mTOR in OX40L+IL-2-treated WT tTregs compared to cells treated with IL-2 alone; these results correlated well with the kinase inhibitor results (Figure 6d) . Although the basal levels of these phosphoproteins remained unaltered in OX40 − / − tTregs, as expected, we observed no significant increase in the activation of AKT and mTOR in OX40 − / − tTregs upon OX40L treatment (Figure 6d) . Collectively, these results suggested that increased activation of AKT-mTOR signaling is required for CAPindependent tTreg proliferation driven by OX40L+IL-2 co-signaling.
Human Treg precursors and mature Tregs preferentially express OX40 over Tconv cells, and the cognate ligand OX40L is expressed by thymic epithelial cells and plasmacytoid DCs Next, we determined whether human tTreg differentiation occurred exclusively at the CD4 + CD8 + DP stage or at both DP and SP stages. We analyzed human CD4 + CD8 + DP (Figure 7a ) and CD4 + SP (Figure 7b ) thymocytes for the presence of Treg precursors, as well as mature Tregs. Frequencies of the Treg precursors and mature Tregs in human thymi are summarized in Figure 7c . Interestingly, both CD4 + CD8 + DP and CD4 + SP thymocytes contained CD25 − Foxp3 low and CD25 + Foxp3 − tTreg precursors, as well as CD25 + Foxp3 + mature tTregs. We also determined the OX40 expression in tTreg precursors and mature tTregs. We found the highest OX40 expression in the mature CD25 + FOXP3 + thymocytes, followed by CD25 − FOX-P3 low and CD25 + FOXP3 − Treg precursors from both CD4 + CD8 + DP and CD4 + SP thymocytes (Figure 7d ). We also found that DP Tregs had higher OX40 and CD25 expression than SP Tregs. In addition, we found higher OX40 expression in CD25 + FOXP3 − SP Treg precursors than their DP counterparts (Figure 7d ). Moreover, both tTreg precursors and mature tTregs preferentially over-expressed OX40 compared to CD25 − Foxp3 − Tconv cells in DP and SP thymocytes, as we had observed with murine thymocytes. These results are indicative of the existence of a two-step process of Treg development in the human thymus, and suggest that OX40 signaling may regulate human tTreg generation in the TCR-independent phase of Treg development by targeting both tTreg precursors and mature tTregs in a manner similar to that we had noted previously in the murine thymus.
Previous studies have identified OX40L expression in murine TECs, but not in thymic plasmacytoid DCs (pDCs) and conventional DCs (cDCs). 9 Since the cell types expressing OX40L in the human thymus were unknown, we analyzed human thymic pDCs, cDCs and epithelial cells for OX40L expression. Human cDCs and pDCs were defined as CD11c + CD13 + CD123 − BDCA2 − and CD11c − CD13 − CD123 + BDCA2 + , respectively. 27 We observed OX40L expression in human pDCs, whereas cDCs expressed very low levels of OX40L ( Supplementary Fig. S6A-B) , which differed from murine thymic pDCs. 9 However, we found higher OX40L expression in CD45 − EpCAM + human cells (Supplementary Fig. S6C ), similar to our findings in murine TECs. These findings suggested that cognate interactions between OX40L and OX40 could regulate tTreg development, likely through an evolutionarily conserved mechanism.
Mechanism of OX40L-IL-2-induced CAP-independent tTreg proliferation is conserved between the human and murine thymus We evaluated whether OX40L/OX40 interactions could expand human thymic Tregs. First, we cultured human thymic fragments in 3D organ cultures with IL-2 alone or OX40L +IL-2 for 5 days. As shown in Figures 8a and b , we found a significant increase in CD25 + FOXP3 + mature Tregs relative to total thymocytes (3.78% ± 0.20% vs 6.58% ± 0.47%) upon OX40L+IL-2 stimulation. Next, we cultured human thymocytes without antigen-presenting cells in 2D cultures with either IL-2 alone or OX40L+IL-2 for 5 days. We observed a significant increase in tTregs in OX40L+IL-2-treated thymocyte cultures compared to cultures treated with IL-2 alone (8.15% ± 1.88% vs 11.06% ± 1.82%) (Figure 8c ). Moreover, OX40L+IL-2 treatment preferentially induced tTreg proliferation over tTconv cells in the absence of additional antigenic stimulation (Figure 8d) . In contrast to earlier reports of suppression of Foxp3 by OX40 signaling, we did not observe any reduction in Foxp3 expression in either murine ( Supplementary Fig. S7A ) or human thymocytes in ex vivo cultures treated with OX40L ( Supplementary Fig. S7C ), or in vivo upon treatment with OX40L ( Supplementary Fig. S7B ). Furthermore, as we had observed previously with murine tTregs, kinase inhibitor assays predicted the involvement of PI3-AKT-mTOR signaling in human thymocyte proliferation (Figures 8e and f) . These findings were corroborated by the observed increase in the levels of phospho-AKT and phosphomTOR in proliferating tTregs compared to resting tTregs (Figure 8g ). Taken together, our results indicated the existence of an OX40L+IL-2-induced CAP-independent tTreg proliferation mechanism regulated by AKT-mTOR signaling as an evolutionarily conserved mechanism of tTreg development.
DISCUSSION
Tregs play a profoundly important role in the prevention of autoimmunity. Although numerous studies have provided insights into the development and function of murine tTregs, 6,28 similar insights regarding the mechanism of human tTreg development and homeostasis have not yet been elucidated. Despite existing reports revealing several differences and similarities between murine and human tTreg development, 14, 15, 29 further studies were needed to fully validate the relevance of the observations made in the murine models to humans. [13] [14] [15] OX40 has been primarily characterized as a costimulatory molecule that is transiently expressed on activated T cells and promotes their survival and proliferation; 30, 31 it can also induce Th2 cell polarization. 32, 33 Further studies have shown that OX40 signaling, along with other TNFRSF members such as GITR and TNFRII, can facilitate tTreg differentiation, 9 and a combined deficiency of OX40, GITR and TNFRII can significantly impair tTreg development. 9 Moreover, we and others have shown that OX40 is constitutively expressed on murine Tregs under physiologic conditions 34, 35 and that OX40L can readily induce CAP-independent proliferation of peripheral Tregs in an IL-2-dependent manner. 17, 21 However, specific data regarding human tTreg development in general, and the role of OX40-mediated signaling in particular, is lacking. Therefore, in the present study, we investigated the role of OX40-mediated signaling in the TCR-independent phase of both murine and human thymic tTreg generation.
Although human tTreg differentiation is initiated at an earlier CD4 + CD8 + DP stage compared to murine tTreg differentiation, which starts at a later CD4 + SP stage, OX40 expression correlated with the corresponding stages of tTreg development in both human and murine thymi. Interestingly, we observed a significant reduction in CD4 + FoxP3 + Tregs in the thymi of OX40 − / − mice relative to those in WT mice. This is in apparent contrast to a previous report by Takeda et al. who reported a normal number of Tregs in OX40 − / − mice. However, it should be noted that in their study, CD4 + CD25 + expression was used to identify Tregs. Subsequently, Foxp3 expression was identified as the Treg lineage-specific marker in the thymus. 36 CD25 − Foxp3 low Treg precursors were originally identified as a transient population that readily underwent apoptosis when common yc-cytokine signals were not available, and transgenic over-expression of the pro-survival factor Bcl2 prevented their apoptosis. 8 However, we did not observe an increase in prosurvival factor Bcl2 expression in either CD25 − Foxp3 low or CD25 + Foxp3 + cells upon OX40L treatment. Consistent with our findings, a previous study has shown that ectopic expression of Bcl2 failed to prevent apoptosis of Tregs when OX40, GITR and TNFRII signaling were blocked. 9 Thus, increased survival of CD25 − Foxp3 low Treg precursors and CD25 + Foxp3 + Tregs is unlikely to be the mechanism by which OX40L increases tTregs. By contrast, we found increased Ki67 expression as well as Ki67 + cells within CD25 − Foxp3 low and CD25 + Foxp3 + cells, indicating that proliferation might be the predominant mechanism underlying increased tTreg numbers, rather than increased survival.
We could not determine the effect of OX40L treatment on the proliferation of CD25 − Foxp3 low Treg precursors in ex vivo cultures, as this particular subset of cells was rapidly converted (by 24 h) into CD25 + Foxp3 + Tregs in the presence of IL-2. IL-2 has been shown to induce its receptor, IL-2Ra (CD25), expression in naive CD4 + /CD8 + T cells under physiologic conditions without any antigenic stimulation, 38 and it exerts a similar effect on CD25 − Foxp3 low Treg precursors as well. 8 Consistent with this observation, we found a significant increase in CD25 expression in CD25 − Foxp3 low Treg precursors upon stimulation with OX40L+IL-2. Previously, OX40 costimulation has been shown to increase CD25 expression in CD25 + Foxp3 − Treg precursors and CD25 + Foxp3 + Tregs, 9 which we have now shown also occurs in CD25 − Foxp3 low Treg precursors as well. We also noted an additive effect of OX40L on IL-2-dependent maturation of CD25 + Foxp3 − Treg precursors in ex vivo cultures. More importantly, we found that OX40L treatment increased the proliferation of sorted mature Tregs and newly converted mature Tregs from CD25 + Foxp3 − and CD25 − Foxp3 low tTreg precursors in the absence of TCR stimulation. Thus, we describe two key roles played by OX40 signaling in the development of nTregs in the thymus: (1) OX40L augments IL-2-dependent maturation of CD25 − Foxp3 low and CD25 + Foxp3 − Treg precursors into CD25 + Foxp3 + mature Tregs, which is a critical step in the TCR-independent phase of nTreg generation in the thymus. This IL-2-dependent maturation process is distinct from TGF-β-mediated iTreg generation, which requires TCR stimulation; and (2) OX40 signaling also increases proliferation of mature CD25 + Foxp3 + nTregs. Unlike iTregs, which show unstable Foxp3 expression attributed to a higher propensity to undergo TSDR (Tregspecific demethylated region) methylation, [39] [40] [41] [42] OX40L-expanded nTregs show sustained Foxp3 expression. Further studies are required to validate the epigenetic regulation of the sustained Foxp3 expression in OX40L-expanded Tregs.
The critical role of OX40-mediated signaling in tTreg proliferation was further shown by the reduced proliferation of OX40 − / − Tregs relative to their WT counterparts. In addition, we observed a significant reduction in IL-2 expression by OX40 − / − thymocytes upon TCR activation, which is an essential factor for tTreg development. 15 Previous studies have shown that OX40 stimulation can boost Treg expansion by increasing IL-2 secretion from Teff cells under lowinflammatory conditions. 43 However, our results of OX40L-induced proliferation of sorted CD25 + Foxp3 + Tregs, which were devoid of Teff cells, indicated a direct role for OX40 signaling in tTreg proliferation.
The role of IL-2-dependent STAT5 signaling in driving Treg maturation and survival is well-established. 7, 9 However, the cell signaling mechanisms driving CAP-independent tTreg proliferation induced by OX40L+IL-2 are unknown. Croft et al. have identified the involvement of the activation of PI3K/PKB (Akt) and NF-kB1 signaling by OX40 stimulation in promoting Teff cell survival and proliferation under varying conditions of TCR stimulation. Furthermore, they have shown that OX40L-OX40 interactions can result in the formation of a signalosome containing TRAF2, IKKa, IKKb, PI3K and AKT, leading to NF-kB1 activation. [44] [45] [46] [47] [48] Although we have previously shown the involvement of NF-kB1 signaling in peripheral Treg proliferation induced by OX40L+IL-2, 21 results from our kinase inhibitor assays herein suggested the involvement of PI3K-AKT-mTOR signaling in both murine and human tTreg proliferation induced by OX40L+IL-2. This finding is further supported by the increased levels of phospho-AKT and phospho-mTOR that we noted in WT tTregs, but not in OX40 − / − tTregs, upon OX40L+IL-2 stimulation compared to stimulation with IL-2 alone. These results revealed a key role for AKT-mTOR signaling in CAP-independent tTreg proliferation caused by OX40 signaling. We also observed increased levels of pAKT and pmTOR in proliferating human tTregs compared to resting tTregs. These findings are in contrast to earlier reports of the loss of FoxP3 expression due to either constitutive activation of PI3K/Akt/mTOR signaling 49 or loss of PTEN activity, which leads to enhanced PI3K/Akt/mTOR activation. 50 OX40 signaling has also been shown to negatively regulate Foxp3 expression and Treg functions under proinflammatory conditions. 51 However, we did not observe any reduction in Foxp3 expression upon OX40L co-stimulation in both murine and human thymic Tregs in vitro or in thymic Tregs from OX40L-treated mice. By contrast, we observed a negative effect of OX40L treatment on the TGF-β-induced adoptive conversion of CD4 + CD25 − Foxp3 − Tconv cells to CD4 + CD25 + Foxp3 + iTregs, a process that requires TCR stimulation; this is consistent with the reported negative effects of OX40 51, 52 and PI3K/AKT signaling on Foxp3 induction from Tconv cells. 49, 50 We observed the preferential over-expression of OX40 in CD25 + FOXP3 − and CD25 − FOXP3 low Treg precursors and CD25 + Foxp3 + mature tTregs from both CD4 + CD8 + DP and CD4 + SP human thymocytes, indicating that OX40 signaling might regulate human tTreg differentiation in both DP and SP stages. Higher levels of OX40 expression in CD25 + FOXP3 + Tregs within DP thymocytes compared to their CD4 + SP counterparts are consistent with a higher TCR signal strength experienced by those cells during early stages of differentiation in the murine thymus. 9, 14 We have also observed low levels of OX40 expression in both murine and human circulating Tregs (data not shown), which is consistent with previous reports. 53 We observed higher OX40L expression on human TECs at levels similar to murine TECs; 9 thus, cognate interactions between OX40 expressed on Tregs and OX40L expressed on TECs might regulate human tTreg development as well. Human thymic organ culture results showed approximately twofold increase in CD25 + FOXP3 + Tregs upon OX40L+IL-2 stimulation compared to stimulation with IL-2 alone and indicated the ability of OX40 signaling to increase human tTregs. More importantly, similar to our findings with murine thymocytes, we observed selective proliferation of tTregs, but not Tconv cells, in human thymocytes treated with OX40L +IL-2 in the absence of either APCs or TCR stimulation. Thus, notwithstanding the differences in the stages of tTreg development, both human and murine Tregs likely share a similar OX40-mediated mechanism of Treg development and homeostasis.
Treatment with an OX40 agonist increased the functional Treg numbers and was found to be protective against experimental autoimmune encephalomyelitis 54 and T1D 35, 55 when given during antigen priming due to its primary effect on Tregs. By contrast, OX40L treatment during the effector phase increased Teff functions and exacerbated these diseases. 54, 56 A combinatorial therapy of OX40L with agents that can suppress its effects on Teff cells and enhance Treg function, such as Jagged-1 and IL-2, induced tolerance in type-1 diabetes 16 and long-term allograft survival in transplantation models. 57 An OX40 agonist was tested in combination with a PD-1 checkpoint blockade to treat murine tumors due to its potent Teff co-stimulatory functions. Although an initial study showed synergistic effects in a murine model of ovarian cancer, 58 a recent study showed a weakened anti-tumor response in a lung carcinoma model upon concurrent treatment of the OX40 agonist with PD1 blockade. 59 More recently, tumor infiltrating Tregs in head and neck squamous cell carcinoma patients were found to express higher levels of OX40 compared to Tconv cells. The use of an agonistic OX40 mAb for treating head and neck squamous cell carcinoma with the intention of suppressing FOXP3 expression while increasing Teff functions has been proposed. 60, 61 However, our results suggest that OX40 signaling might not only augment tTreg generation but also cause peripheral Treg proliferation. 35 Given the immunesuppressive nature of tumor microenvironment 62 as well as additional studies showing the ability of OX40 agonists to increase the expansion of Tregs in appropriate cytokine milieus, 54 it is prudent to consider the potential effects of enhanced OX40-mediated signaling on Treg expansion when considering its immune-enhancing effects as a co-stimulator of Teff cells.
